We propose a mechanism for testing the theory of collapse models such as continuous spontaneous localization (CSL) by examining the parametric heating rate of a trapped nanosphere. The random localizations of the center-of-mass for a given particle predicted by the CSL model can be understood as a stochastic force embodying a source of heating for the nanosphere. We show that by utilising a Paul trap to levitate the particle and optical cooling, it is possible to reduce environmental decoherence to such a level that CSL dominates the dynamics and contributes the main source of heating. We show that this approach allows measurements to be made on the timescale of seconds, and that the free parameter λ csl which characterises the model ought to be testable to values as low as 10 −12 Hz.
We propose a mechanism for testing the theory of collapse models such as continuous spontaneous localization (CSL) by examining the parametric heating rate of a trapped nanosphere. The random localizations of the center-of-mass for a given particle predicted by the CSL model can be understood as a stochastic force embodying a source of heating for the nanosphere. We show that by utilising a Paul trap to levitate the particle and optical cooling, it is possible to reduce environmental decoherence to such a level that CSL dominates the dynamics and contributes the main source of heating. We show that this approach allows measurements to be made on the timescale of seconds, and that the free parameter λ csl which characterises the model ought to be testable to values as low as 10 −12 Hz.
Dynamical reduction models -better known as collapse theories -seek to resolve the measurement problem by inserting a non-linear stochastic term in the Schrödinger equation (SE). This would account for genuine collapses of superposition states. In these theories, 'localisation' events occur at a frequency scaling with the mass of the system at hand. These are fundamentally different to environmental decoherence [1] , and are invoked as the origin of wavefunction collapse. Such modifications to the SE aim to provide a theory capable of describing phenomena at all scales, and are designed to reproduce conventional quantum mechanics (CQM) when dealing with small masses, and classical mechanics at the macroscopic scale.
One of the most celebrated models of dynamical reduction is the Continuous Spontaneous Localization (CSL) model [2] . It is characterised by two parameters: a length r c , and a frequency λ csl . The former provides a length scale above which reduction effects would be relevant, the latter embodies the rate at which spatial superpositions of a single nucleon separated by a distance greater than r c would collapse. While r c is generally taken to be ≈ 100 nm, the value of λ csl is the subject of uncertainties [3] [4] [5] and is currently taken to span a range from 10 −16 Hz [2] to 10 −5 Hz [6] . A value of 10 −8±2 Hz has been proposed [7] , based on the process of image formation on photographic film. The heating rate of ultracold atoms was used to set a value of 10 −7
Hz [8] , while the maximum allowable heating rate of the intergalactic medium seems to be compatible with 10 −10±2 Hz [9] . The effects of localization are mathematically very similar to those of decoherence [7] , meaning that any experiment built to search for a signature of such a collapse mechanism must minimize the effects of decoherence as much as possible so as to better distinguish the hallmark of the former from that of the latter. However, for a given object, both its rate of localization and decoherence will increase proportionally to mass. To test collapse we must study objects large enough to have an appreciable localization rate, yet small enough that decoherence does not dominate the dynamics. The scale at which this becomes possible is the so-called mesoscopic one, the liminal scale between the well established quantum and classical regimes. Recently, Nimmrichter et al. have shown [19] that beyond a certain size collapse effects have a sub-linear scaling with size, a result which we corroborate here, and which clearly identifies the regime of interest.
Lately there have been a considerable number of proposals to test collapse theories, and the challenge of reducing decoherence manifests itself differently depending on the scheme [12] [13] [14] [15] . Unfortunately many proposals do not include detailed analyses of conventional environmental noise, and as such, it is not clear what range of values of λ csl they could probe. Matter-wave interferometric methods are an attractive means for such tests with a well established range of testable values of λ csl [16] . Such settings, however, require the preparation and detection of many identical particles, which makes implementation challenging. Optomechanical proposals [8] are attractive in comparison, because they in principle require only a line shape measurement of the light scattered by an intra-cavity macroscopic oscillator, and do not require ground state cooling. However, as such line shape would be narrow (order of µHz) very long times (in excess of months) would be required for the measurement. A recent proposal has been made based on dynamical decoupling [20] , which is promising but may also be constrained by long testing times.
The concept of utilising the energy gain of a harmonic oscillator to test CSL was first suggested by Adler [21] and more recently re-examined in Refs. [22, 23] . Whilst this method is relatively straightforward and therefore attractive for implementation, the ability to test for CSL is very dependent on a detailed and realistic inclusion of conventional decoherence mechanisms. In order for the classical approach put forward, for instance, in Ref. [23] to be effective, the collapse mechanism must be able to induce the excitation of a rather substantial number of FIG. 1. Schematic of the experiment, in which the particle is levitated by the electric field of the Paul trap, and cooled by the optical cavity.
thermal phonons in a given oscillator. This is, in general, not the case for a large range of values of the parameters that characterize a given collapse model and such approaches can only assess the largest of their conjectured values.
In this paper, we propose an experimentally viable way to explore CSL on the mesoscale by utilising a cavity-cooled, single-charged nanosphere trapped in a Paul trap [9] . Measurements can be made with a single trapped particle in less than 100 seconds and, under optimal conditions, we find this scheme capable of probing λ csl to values as low as 10 −12 Hz, thus going significantly beyond the literature reported so far. Most importantly, our protocol allows for the discrimination between collapse effects and mis-characterised conventional noise ones-a challenge which has to our knowledge remained unaddressed so far.
We explore the possibility for an optomechanical test of a form of CSL described in Ref. [7, 8, 19] , in which the effects of spontaneous localization are modelled as a delta-correlated stochastic noise source w t . This approach is valid when the scale of spatial-superposition separations is less than r c . The noise term w t will occur in the dynamical equations of the system as an extra Langevin force [8, 24] . Its effect on the dynamics of a mechanical oscillator would depend on the size and density of the object collapsing, and the two parameters r c and λ csl characterizing the model. Conveniently, we can represent the effects of the localization process via a diffusion operator characterised by the coefficient D csl and appearing in the master equation describing the particle in the same way as conventional heating sources. The diffusion coefficient takes the form [19] 
where α is a geometry-dependent factor, which for a sphere is given by
Here m 0 = 1 amu and R is the sphere's radius. The Protocol.-We now describe the scheme that we propose to test the CSL model. We levitate a charged nanosphere in a hybrid trap consisting of a Paul trap and an optical cavity, and use them to cool its motion to a temperature corresponding to a low occupation number. We then turn off the optical field (and hence the cooling) and let the dynamics evolve for a certain amount of time before measuring the energy of the oscillator again. A model including the effects of CSL predicts it will have heated more than one would expect due to conventional noise sources alone. If the measured energy matches that predicted by conventional noise sources, we will have provided evidence against CSL to within a certain range of λ csl , whereas a higher measured energy would indicate some other dynamics at play, in favour of collapse theories. We divide the procedure into two phases: a cooling phase, and free evolution. For the purpose of testing CSL, it is the second phase that is important. In this period of free evolution the nanosphere is levitated using a single electric potential, which could be provided by a number of generic trap architectures. The mechanism of cavity cooling for nanoscale objects is well established [9-13, 21, 26-30, 35] , and relies on having the particle sit in two potential wells: one of which traps, and one (or both) of which cool. Though these potentials are traditionally provided by an optical cavity populated with two distinct optical fields, Ref. [1, 9] shows that cooling is possible using a Paul trap in conjunction with a single-mode optical cavity. While both these systems are required for the cooling phase, the Paul trap alone suffices to levitate it. This is appealing, because in the low pressure scenario of a particle levitated solely by optical fields the dominant source of heating is the scattering of cavity photons [10] . By using a hybrid trap we can cool the particle to a desired temperature and then turn off the optical field completely, leaving the particle suspended in the Paul trap alone. This ability to turn off the optical field without 'losing' the particle means that we can do away with what would otherwise be the dominant cause of heating -optical scattering -and thus greatly reduce the conventional heating sources that would otherwise mask the CSL effects.
We emphasize that although we require cooling, we do not need to achieve the ground-state energy. Indeed, the simple comparison between the initial phonon number n 0 and the final one n f after the period of free evolution will give us information on the heating rate [17] .
The period of free evolution is governed by the HamiltonianĤ =Ĥ 0 +Ĥ ′ , whereĤ 0 =hω mâ †â , ω m is the secular frequency of the Paul trap,â † ,â are the creation and annihilation operators for the centre of mass motion of the sphere respectively, and H ′ represents the interaction between system and environment. We can then solve the master equationρ = −(i/h)[Ĥ, ρ] for the oscillator [40] . The forms of coupling to noise sources in H ′ determine their effects on the master equation [13] . We have explored each noise source in detail, examining collisions with the background gas, blackbody radiation, acoustic noise affecting the trap, Johnson and patch potential noise from the electrodes, micromotion from the trap's driving frequency, and anisotropy of the sphere [17] . We group these noise sources as momentum diffusion, occurring at rate D diff , position diffusion at rate D pos , and momentum dissipation at rate Γ, thus getting the dynamical equation [40] 
Our analysis of the various noise sources, including the possible effects of anisotropy of the nanosphere (and the consequent non-uniform distribution of the charge) finds all but gas collision and blackbody radiation to be negligible [17] , giving us Γ = (γ gas + γ bb,e + γ bb,a )/4 and
where D csl is given in Eq. (1) and
(3) Here, γ gas , γ bb,e , γ bb,a are the damping constants related to gas collisions, blackbody emission and blackbody absorption respectively. The environmental temperature is T env , ω m and m is the mass of the nanosphere. Heating Rate of a Trapped Particle.-The mean occupation number (phonon number) of the trapped particle as a function of time n t is determined via Eq. (2). Assuming a thermal state [13, 26, 38] , the expression for the rate of change of the average phonon number simplifies to ṅ(t) = −Γ n(t) + D diff , which has the solution
where n 0 is the initial average number. In Fig. 2 we plot the expected mean phonon number over the first second of free evolution, starting from an initial number of n 0 = 50, showing the heating when the CSL mechanism is included (solid blue line), and when it is not (dashed orange line). In our case, the diffusive terms in Eq. (4) dominate over the dissipative, resulting in an expression that is approximately linear, as seen in Fig. 2 . The inclusion of the CSL mechanism results in a heating rate of the nanosphere motion of about 2500 phonons/s, which is in stark contrast with the λ csl = 0 case, where only ∼ 350 phonons/s are achieved for the parameters used in our simulations.
Differentiating CSL from Conventional Noise.-If a final occupation number is recorded that agrees with the model of λ csl = 0, we interpret it as falsifying a certain range of λ csl . However, if we measure a higher phonon number, we can infer that some extra heating process is present, possibly collapse effects. However, an objection could be made that the increased heating would more likely result from mis-characterising the environmental noise sources present. Therefore, an important requirement is how to correctly identify CSL, and distinguish it from other noise sources. Indeed, this problem is generic to any test of collapse theories. We can address this problem by monitoring the conventional noise sources, such as blackbody radiation and gas collisions, by varying the associated parameters and determining the effect they have on the heating rate. For example, if the heating is strongly dominated by CSL, then varying the pressure will have little effect over some range, while a gas-collision dominated process results in an almost linear relation between pressure and heating rate. Fig. 3 summarises such behaviours, and displays the trend followed by the mean phonon number after one second when varying different parameters for the cases of λ csl = 10 −8 Hz and for λ csl = 0. In Fig. 3 (a) , we examine the effect of varying the background pressure when we include or exclude CSL. The difference in response between the theories is instructive. Without CSL the effect of an increasing pressure can be seen across the whole range, whereas for CSL there is a region of immunity where CSL dominates the dynamics. Likewise for the internal temperature depicted in Fig. 3 (b) : the point at which this significantly influences the heating is different for the two theories. The response to a varying mechanical frequency also takes a different shape, as seen in Fig. 3 (c) . Most interesting is the effect of a varying radius shown in Fig. 3 (d) . Our findings agree with those of Ref. [19] : objects must be large enough to have an appreciable collapse rate, but small enough that decoherence does not dominate the dynamics in order for us to observe collapse effects. Such request is met for R ∈ [10, 100]nm, roughly. For all of these we have compared the Adler value for λ csl = 10 −8 Hz with the case of no collapse effects. However the same differences persist for any chosen non-zero value of λ csl , though being more pronounced for higher collapse rates.
In order to find the best conditions for testing CSL it is necessary to numerically optimise all the parameters simultaneously. In Fig. 4 , we show the range of λ csl which can be probed for an illustrative set of experimental conditions. We see that, as one would expect, the testable range depends ultimately upon the conditions that can be achieved, most relevantly the minimum value of both environmental pressure and internal temperature. The value of the initial phonon number and evolution time also play a significant role: after enough time, the phonon ratio will tend to the heating rate ratio as n(∞) csl / n(∞) cqm → ṅ csl / ṅ cqm , and the time required to approximate this depends on the initial phonon number and heating rates. A lower initial phonon number or longer evolution times would promote each plot in Fig. 4 , as a given set of parameters would be capable of probing a lower value of λ csl . Experimental Feasibility. -Charged silica particles of 200 nm have been trapped and cooled to milliKelvin temperatures in a Paul trap using cavity cooling to milliKelvin temperatures [1] thus demonstrating the key experimental components required for our proposal. Pressures down to the 10 −11 mbar range and internal particle temperatures in the 10 K range can be obtained for this setup using standard cryopumps. An important component of these experiments is the measurement of the oscillator energy following parametric heating by CSL and conventional noise. These can be carried out by performing a homodyne measurement of position as a function of time which allows the determination of mean occupation number. Importantly, the light-cavity detuning can be non-perturbative during the measurement such that it neither cools nor heats the particle during this time. This ability to control the cooling rate also allows us to avoid giving strong kicks to the particle when we turn off the optical field after the particle is cooled to the desired energy. Concluding Remarks.-We have shown that the parametric heating rate of a trapped nanosphere provides a viable mean of testing CSL. Central to the success of this scheme is the minimization of all sources of environmental decoherence. The two-stage 'cool and release' protocol that we have illustrated allows us to exploit optical cooling while avoiding problematic scattering noise that would otherwise dominate the dynamics. We remark that, owing to established techniques and common experimental settings, the experiment can be performed rapidly, and is repeatable upon a given nanosphere. Remarkably, the central experimental setup has already been demonstrated [1, 9] . Our scheme can be used to distinguish CSL from other noise sources -an essential condition for inferring the existence of collapse effects from an experiment. Further, we have shown that the parameter range of CSL that is testable using our proposal is broad, and can readily be expected to probe λ csl = 10 10 (λ csl = 10 −12 ) using a background pressure of 10 −11 mbar (10 −13 mbar) and an internal temperature of 60 K (20 K). Based on state of the art, values as low as λ csl = 10 −8 could be tested imminently, and λ csl = 10 −12 plausibly in the next few years. Acknowledgements.-MP acknowledges the John Templeton Foundation (grant ID 43467), the UK EP-SRC (EP/M003019/1), and the EU FP7 grant TherMiQ (Grant Agreement 618074) for financial support. DG and PFB also acknowledge the UK's EP-SRC (EP/H050434/1, EP/J014664/1, EP/K026267/1), and thank H. Ulbricht and M. Bahrami for useful discussions, and Jonathan Underwood for his help in modelling the rotational dynamics of the sphere.
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COOLING THE SPHERE
Ref. [S9] give a comprehensive mechanism for cooling the motion of a sphere in a hybrid type trap. Though they achieve an experimental temperature of 10 K, improved to millikelvin in [S1] , the same technique should in principle be able to achieve ground state cooling and is limited primarily by the finnesse of the mirrors. When translating their results to our scenario however, we must be a little careful. Along the axis of interest, there are three motional frequencies to be considered in the hybrid scheme: ω d , which is the frequency of the AC voltage applied to the electrodes to keep the trap stable; ω s (or secular frequency), which describes the oscillation of the sphere in the electric potential; ω c , the frequency of the sphere's motion inside a well of the cavity potential. For our period of free evolution, we are considering the motion inside the electric potential ω s = ω m , whereas the goal of Ref. [S9] was to cool ω c . The steady state phonon number achievable through cooling is given by [S12, S13]
where we have used N to refer to the phonon number during the cooling period and n for the phonon number during free evolution. Γ others refers to heating processes other than optical scattering, which are all negligible compare to Γ sc , and κ sc is the rate of photon loss from the cavity due to scattering, and the time averaged cooling rate is given by [S9]
in which k is the wavenumber of the laser, and the optomechanical coupling is given by
where a 2 c is the number of photons, of frequency ω l circulating in the cavity, whose mode volume is V c . Here, ǫ r is the relative dielectric permittivity, J 0 is the zeroth Bessel function of the first kind and X d is the amplitude of the AC drive voltage. For a finnesse of 10 5 , ground state cooling within the optical potential should be achievable using an input laser power of 10 −4 W. Using N (t) = N therm e −Γ−t + N ss 1 − e Γ−t where N therm is the mean phonon number the oscillator would have if thermalised with its environment, we can see that N (t) ≈ N ss within about a microsecond, so there is no time impediment to achieving the cold states we require.
Cooling to a given phonon number in the optical potential does not translate directly into that phonon number being occupied in the Paul trap once the cavity field is turned off, due to the different trap frequencies. Supposing the antinodes of the optical well and Paul trap are perfectly aligned, when we turn the optical potential off the sphere should have n 0 = N ss ω c /ω s , where n 0 is the phonon number in the Paul trap immediately after the cavity is switched off and and N ss is the phonon number in the optical trap immediately before. However, if we take into account some displacement between the two trap centers δ x , then we would expect the that n 0 ≥ N ss ω c /ω s + mω s δ 2 x /(2h), where the inequality accounts for the fact that it is also possible for the optical field to impart momentum to the sphere as it is turned off. The ability for this displacement to impart phonons requires that we ensure δ x < ∼ 0.5nm. When we consider these factors, it becomes clear that our predictive knowledge of the phonon number at the beginning of the free evolution n 0 is far from perfect. This is important of course, because it is by comparing n 0 with n f that we hope to learn anything. However, it is possible for us to gain experimental, not just predictive knowledge of n 0 . A 'dry run' is possible, in which rather than turning the cavity field completely off we reduce it to such a low power that it no longer traps the particle, but does remain coupled to the particle's position. As such we can use it to measure n 0 via the techniques laid out in Ref. [S21] . This information can be used heuristically to better align trap centres, and also to build up a statistical picture of n 0 , providing a benchmark for the actual experiment in which the cavity field is turned off completely.
THE CSL MECHANISM AS A SOURCE OF NOISE
The premise of the experiment is that since collapse effects can be thought of as physically, if not ontologically, equivalent to those of decoherence 1 , a search for collapse is in some ways equivalent to a search for a new source of decoherence. More specifically, in our case we are searching for a Brownian noise source which heats a harmonic oscillator. Here we demonstrate that frequent random localisations can be modelled as Brownian noise, drawing on Refs. [S8, S19] . The modified master equation is given byρ = (L + L csl )ρ, where
and
]. Here r n = r + r 0 n + ∆r n stands for the relative coordinate of particle n in relation to the centre of mass (C.O.M) coordinate r, with r 0 n and ∆r n describing the motion of the particles bound within the solid. M (x) is a Gaussian averaged mass density function of the N particle system. As shown in Sec. 8.2 of Ref. [S7] , by taking the range of motion for each constituent particle to be much smaller than r c , it is possible to effectively separate the internal dynamics from those affecting the centre-of-mass (COM), meaning that we can re-write the CSL master equation in terms of the C.O.M alone, neglecting the internal dynamics. We thus have
where ̺(k) is the Fourier transform of the object's mass density. If we expand the exponentials in (S5) to first order and the center of mass oscillations are taken to be much smaller than r c , we can simplify the CSL diffusion operator [S19] to
where α is a geometric factor describing the shape and density of the object, which for a sphere (following again Ref. [S19] ) is given by
We can now incorporate D csl into the master equation describing a macroscopic oscillator in the same way as any other diffusive noise source.
Dissipation and Diffusion in the CSL Mechanism
Most noise sources will cause momentum diffusion and momentum dissipation. Typical Brownian noise such as background gas collisions and blackbody radiation take this form, resulting in energy absorption (at rate D diff ) from the environment surrounding the nanosphere, as well as deposition of excitations into it (contributing to momentum damping at rate Γ). Other noise sources consist of one way mechanisms that result in unidirectional feeding of energy to the nanosphere (thus contributing to the value of D diff ) and thus heat it up without damping its motion. A relevant source of this form of noise would be the scattering of photons from the cavity field mode [S13] : the oscillator can scatter these photons out of the cavity and gain energy without giving up anything to create them.
CSL, as a developing theory, has been confronted with various problems, the question of energy conservation amongst them. As we've stated, the mechanism of localization in CSL arises via a coupling to a noise field. Through this constant one-way coupling energy is transferred, and ultimately violates energy conservation. This issue was recently addressed in [S20] , in which a new modification to the Schrödinger equation is introduced, resulting in a dissipative effect which remedies this problem and restores energy conservation. The rate of dissipation for a nanosphere of R = 100nm is found to be ∼ 10 −3 when using the Adler value for λ csl , which is negligible for our considerations, and hence we leave it out of our analysis. As such, we treat noise from collapse as a solely contributing to momentum diffusion, and not to dissipation -making it analogous to optical scattering.
CONVENTIONAL NOISE SOURCES Collisions With the Background Gas
Collisions with background gas are typically the dominant source of noise for trapped nanospheres (following optical scattering). Since the nanosphere can both give and receive momentum to and from the background gas, it contributes both to D diff and Γ. The contribution to momentum diffusion is given by
where T env is the temperature of the environment and γ g is given in Ref.
[S10] as γ g =
16P
πvgRd . Here, v g is the mean velocity of the gas particles, d is the density of the sphere and P is the background gas pressure. The contribution to momentum dissipation is simply Γ gas = γ g /4.
Blackbody Radiation
Blackbody radiation also contributes to both diffusion and dissipation, being a coupling to a bath with infinite modes at the temperature of the environment. The damping coefficients given in Ref. [S10] are
where i represents either emissive or absorptive processes. We have T i = T env for absorptive radiation and T i = T int for emissive. This gives us the diffusive term D bb = (γ bb,e T int + γ bb,a T env )k B /(2hω m ) and the dissipative one Γ bb = (γ bb,e + γ bb,a )/4. We find that emissive radiation has a far stronger effect than absorptive. We can characterise the internal temperature which is primarily determined by the intensity of the cooling laser. The expression for the steady-state bulk temperature is given in Ref. [S11] as
where I 0 is the intensity of the cooling laser at its waist and λ laser is its wavelength, e is the emissivity of sphere, ǫ = ǫ 1 + iǫ 2 is its complex dielectric constant, σ is the Stefan-Boltzman constant.
Electric Field Noise
There are three mechanisms which will contribute to noise in the electric field experienced by the nanoparticle: Johnson noise, caused by thermal fluctuations in the electrodes; patch potential noise, thought to be caused by adatoms [S15] on the surface of the electrodes; and acoustic vibrations in the lab, which will shake the electrodes relative to the trapped particle. Though the origins of these forms of noise are fairly independent, and their spectra will be different, all three will contribute to the heating of the particle and in practice it will be difficult to distinguish between them. They can all be modelled as a variation in the effective spring constant of the trap [S14] . In ion traps, electric field noise is often dominant over other forms of heating [S16, S17] . The heating rate due to patch fluctuations is given by
where S E k (ω) = Λ( r)R(ω) is the power spectrum of the electric field noise, determined a geometry factor Λ( r) and the noise spectrum R(ω). A discussion of Λ( r) can be found in [S18] . Whilst the details vary significantly between electrode architectures, a trend is shared in that Λ( r) ∝ d −a , where a ≈ 4. We can describe the noise spectrum of the adatoms as [S15] R(ω) = σS µ (ω), where σ gives the density of adatoms on a surface and S µ is the spectrum of the fluctuating dipole of a single adatom. By utilising the framework of [S18] to describe the geometry of a trap architecture, and that of [S15] to describe the patch potentials which form on the electrode surfaces, a detailed picture can be built of the noise one would expect from any reasonable shape of trap, made of any metal. However, since we are not proposing a specific electrode architecture, it makes more sense to translate experimentally verified heating rates from other experiments into our own setting. Ref. [S16] 
, which is negligible compared to the other noise sources that have been identified. Note that this prediction is based on experimental data gathered in [S16] , and as such must reflect the presence of all three forms of electric field noise.
Anisotropy of the Sphere
The question of sphere anisotropy is a recognized problem when considering the dynamics of a trapped nanosphere, and is addressed in the supplementary information of [S10] . In their analysis, the anisotropy presents a problem because it will cause an increased polarizability. This problem is resolved in our case, since there will be no optical field over the period of interest. The potential problem arising from anisotropy for us will be the corresponding anisotropy of the charge distributed over the surface, though we remark that this distribution may also be anisotropic even for an ideal sphere. This question of charge distribution is addressed below.
Rotational Dynamics
The anisotropy of the charge distribution on the sphere will cause a dipole moment, and this dipole moment will experience a torque due to the electric fields, and further it will affect the COM motion. The equations of motion for the COM are given by mr − q E(r, t) − ∇[µ · E(r, t)] = 0 (S12)
where r = (x, y, z) is the position of the nanosphere in three dimensions, µ is its dipole moment, and E(r,t) is the electric field at point r at time t. Clearly we can see a coupling between the orientation of the dipole moment and the COM motion. This could potentially constitute a heating source. In order to understand what this heating rate amounts to, we need to model the rotational dynamics of the dipole together with the translational motion of the sphere, and see what the effect of the dipole moment is upon the COM motion. This situation is very similar to that of diatomic molecules held in equivalent traps, and as such we can draw upon the relevant literature. In modelling the rotational dynamics for systems of this type, it is a well known problem that the equations of motion cannot be solved using spherical polar coordinates [S6] . Working with the quaternion formalism [S5] , we built a numerical simulation in XMDS [S4] which modelled the coupled dynamics of the rotary and COM motion, and experimented with the effects of different dipole moment magnitudes. We expect that packing the maximum possible charge onto the surface of the sphere would naturally lead to the most isotropic distribution [S2] , which in our case gives us q = 1500 eV. We find that the effect of the rotary motion does cause an appreciable heating effect for a large enough dipole moment, which occurs when µ 0 = R × 5 eV. This limit on the dipole magnitude µ 0 is perhaps more clearly expressed as a ratio q edge /q core ≤ 1/300, where we have simplified the charge distribution into q = q core + q edge , q core being the charge which is completely isotropic and effectively bunched at the COM, and q edge being the charge which is bunched at one position of the surface, and hence causes the dipole moment.
We can infer a bound on the ratio q edge qcore from experimental data already gathered. As stated, this experimental proposal rests upon the hybrid type trap which has already been constructed and used. In the experiments which we have conducted so far, we have used far lower charge numbers, which would presumably distribute themselves more anisotropically the situation presented in this paper. In analysing the dynamics of these lower-charge systems we do not find strong evidence of the coupling between the rotational motion to the translational dynamics of the sphere. We take this as an indication that in these situations we indeed have q edge qcore ≤ 1 300 . Therefore, we conclude that in our scenario, in which we would presumably have a more isotropic distribution, we would have an even lower ratio and therefore an acceptably low heating rate from the rotational dynamics.
